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ABSTRACT 


Data  obtained  on  the  permeation  of  sodium  ions,  chloride  ions  and  water 
molecules  through  eight  films  using  radioactive  tracer  techniques,  are  pre¬ 
sented.  Permeation  data  on  various  concentrations  of  sodium  chloride  in 
solution  show  that  perm-selectivity  by  a  membrane  for  a  particular  ion  may 
occur.  Analysis  of  graphical  presentations  of  data  indicates  that  the  dif¬ 
fusion  is  Fickian  and  on  further  rationalization  of  these  data,  the  theoretical 
concepts  concerning  mechanisms  by  which  ions  may  diffuse  through  a  membrane 
are  substantiated. 
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1.  INTRODUCTION 


A.  This  is  the  seventh  progress  report  of  work  performed  to  date  under 
Project  No.  NAEC  AML  (17)  R  360  FR  101  Foundational  Research  Project  No.  17, 
entitled,  "The  Permeability  of  Salt  Water  Through  Protective  Coatings  Using 
Radioactive  Tracer  Techniques",  which  was  established  on  15  September  I960. 

B.  The  specific  aims  of  this  program  are  the  use  of  radioisotopes  to 
establish  fundamental  data  regarding  the  mechanism  of  salt  water  permeation 
through  organic  protective  films;  to  investigate  the  effects  of  resins,  pigments 
and  incorporated  corrosion  inhibitors  on  this  permeation,  and  finally  to  utilize 
the  radioactive  tracer  techniques  developed  in  this  investigation  to  obtain 
fundamental  data  concerning  the  effectiveness  of  conventional  protective  coatings 
as  barrier  materials  for  the  prevention  of  corrosion. 

C.  The  reference  (a),  (b) ,  and  (c)  reports  to  the  Bureau  of  Naval  Weapons 
contain  descriptions  of  the  equipment  and  procedures  developed  to  accurately 
measure  the  quantity  of  chloride  ions  as  chlorine-36  diffusing  through  a  membrane 
and  data  on  the  rate  of  diffusion  of  chloride  ionB  through  various  films.  The 
reference  (d)  report  describes  the  procedure  developed  to  measure  the  rate  of 
diffusion  of  water  through  a  membrane  and  experimental  data  thereon.  The  ref¬ 
erence  (e)  report  describes  a  radioactive  tracer  procedure  to  determine  the  rate 
of  diffusion  of  the  sodium  ion  through  a  film  using  sodium-22.  The  reference  (f) 
report  contains  complete  permeability  data  for  the  chloride  ion,  sodium  ion  and 
water  for  five  films.  An  analysis  of  these  data  is  presented  together  with 
theoretical  concepts  on  the  mechanism  of  permeation  of  the  sodium  ion  and  chloride 
ion. 


D.  Complete  permeability  data  for  the  chloride  ion,  sodium  ion  and  water  is 
presented  for  eight  films.  Permeability  data  at  various  concentrations  of  sodium 
chloride  in  solution  is  presented  and  analyzed  to  show  that  a  perm-selectivity 
may  occur.  Analysis  of  graphical  presentations  indicate  that  the  diffusion  is 
Fickian  and  further  substantiates  the  theoretical  concepts  that  are  offered  to 
establish  the  mechanisms  of  permeation  of  ions  through  a  film. 

II.  EXPERIMENTAL  PROCEDURES 

A.  Permeation  of  Chloride  Ion,  Sodium  Ion  and  Water 

The  procedure  for  the  determination  of  the  rate  of  diffusion  of  the 
chloride  ion  is  fully  described  in  the  reference  (b)  and  (c)  reports.  The 
reference  (d)  report  describes  the  determination  of  the  rate  of  diffusion  for 
water  and  the  procedure  for  the  sodium  ion  is  reported  in  reference  (e).  These 
methods  briefly  are:  a  film  is  fixed  in  the  diffusion  cell.  The  radioactive 
solution  is  placed  in  tne  right  hand  compartment  of  the  cell  and  distilled  water 
is  placed  in  the  left  hand  compartment.  The  ratemeter  is  set  and  the  pump  and 
recorder  are  turned  on.  When  the  permeability  of  the  sodium  ion  or  water  is 


4 


being  determined,  the  counts  per  minute  recorded  by  the  recorder  are  corrected 
for  decay  of  sodium-22  and  tritium  by  referring  to  decay  curves.  (This  is  not 
necessary  when  the  chloride  ion  permeability  is  being  determined  since  chlorine-36 
has  a  very  long  half-life).  Finally,  by  referring  to  a  calibration  curve,  the 
c.p.m.  are  converted  to  the  total  weight  of  the  ions  or  water  that  diffused 
through  the  membrane. 

1.  Employing  these  methods,  the  rates  of  diffusion  for  the  chloride 
ions,  sodium  ions  and  water  were  completed  for  three  films  in  addition  to  those 
already  reported  in  reference  (f).  (Mylar,  cellulose  acetate  and  Aclar  films). 

A  complete  Diffusion  Rate  Study  is  now  presented  in  Table  1  for  eight  films  which 
represent  typical  protective  coatings  and  barrier  materials  encountered  in  the 
Bureau  of  Nhval  Weapons  corrosion  protection  endeavors.  All  of  these  measurements 
were  obtained  using  a  0.053M  sodium  chloride  solution. 

2.  In  order  to  investigate  the  effectB  of  the  concentration  of  salt 
solution  on  the  rates  of  diffusion  of  the  ions,  three  films  were  selected  and 
measurements  were  obtained  using  a  .027M  solution  of  sodium  chloride.  These 
results  are  tabulated  in  Table  2. 

B.  The  quantities  of  the  ions  (sodium  and  chloride)  that  permeated  the  films 
at  various  periods  of  time  were  calculated  and  then  plotted  against  these  periods 
of  time.  The  graphs  depicting  these  relationships  are  presented  in  Plates  1,  2, 

3,  and  A. 

C.  The  rates  of  diffusion  (g  hr--*-,  sq.cm--*-,  mil-1)  for  the  sodium  ions  and 
for  the  chloride  ions  were  calculated  at  various  periods  of  time  and  were  then 
plotted  against  these  periods  of  time.  The  graphs  depicting  these  relationships 
are  presented  in  Plates  5  and  6.  In  order  to  present  the  graphs  in  as  few  plates 
as  possible,  semi -logarithmic  sheets  were  employed  and  the  rates  of  diffusion 
plotted  on  the  logarithmic  axis. 

III.  RESULTS 

A.  The  completed  test  results  for  all  eight  films  selected  for  this 
investigation  are  tabulated  in  Table  1.  Detailed  observations  of  the  diffusion 
test  results  obtained  for  five  films  which  were  completed  at  that  time  were 
presented  in  the  reference  (f)  report.  Similar  observations  have  been  noted  of 
diffusion  test  results  for  Aclar,  ffylar  and  cellulose  acetate  films.  These 
results  are  briefly  restated. 

1.  The  experimental  values  for  the  rates  of  diffusion  of  both  the 
chloride  ion  (column  6)  and  the  sodium  ion  (column  8)  are  not  equal  to  the 
theoretical  values  (columns  4  and  5).  These  theoretical  values  were  calculated 
from  the  concentrations  of  the  ions  in  the  test  solution  and  the  experimental 
values  for  the  rates  of  diffusion  of  water  (column  3),  assuming  that  the  ions 
diffuse  through  the  films  according  to  their  concentrations  in  the  test  solution. 
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2.  The  measured  diffusion  rates  for  the  sodium  ion  (column  8)  are  not 
equal  to  the  theoretical  diffusion  rates  (column  7) .  These  theoretical  diffusion 
rates  were  calculated  from  the  diffusion  rates  experimentally  obtained  for  the 
chloride  ion  (column  6) ,  assuming  that  sodium  ion  diffuses  in  stoichiometric  pro¬ 
portions  with  the  chloride  ion. 

B.  1.  The  rates  of  diffusion  for  the  chloride  and  sodium  ion  determined 

at  a  sodium  chloride  concentration  of  0.027M  (Table  2)  are  less  than  those  determined 
at  a  concentration  of  0.053M  (Table  1).  The  results  of  Table  2  also  indicate  that 
the  rates  of  diffusion  of  the  sodium  ion  are  not  equal  to  the  calculated  theoretical 
diffusion  rates  based  on  the  measured  rates  for  the  chloride  ion. 

2.  Considering  the  results  of  Table  2,  the  following  may  be  observed: 

a.  The  rates  of  diffusion  for  the  neoprene  organic  protective 
coating  are  approximately  one-half  of  those  tabulated  in  Table  1. 

b.  The  rate  of  diffusion  for  the  sodium  ion  permeating  through 
the  cellulose  acetate  film  is  one-half  that  measured  at  a  salt  concentration  of 
0.053M,  however,  the  chloride  ion  rate  of  diffusion  is  much  less  than  one-half 
the  chloride  rate  measured  at  the  greater  concentration. 

c.  The  rates  of  diffusion  through  the  nylon  film  are  considerably 
less  at  the  0.027M  concentration  although  they  are  not  one-half  of  these  rates. 

C.  The  quantities  of  permeating  ions  as  functions  of  time  are  shown  gra¬ 
phically  in  Plates  1  to  4.  With  the  exceptions  of  the  graphs  depicting  the 
flow  of  the  chloride  ion  through  polyethylene  and  nylon  films,  the  data  fall 

on  straight  lines  with  some  indication  of  a  slight  curve  as  the  graph  approaches 
the  origin. 

D.  The  rates  of  diffusion,  in  g  hr~\  sq.  cm-\  mil  \  as  functions  of  time 
are  shown  graphically  in  Plates  5  and  6.  An  examination  of  these  graphs  shows 
that  the  rate  of  diffusion  of  an  ion  either  increases  or  decreases  with  the  passing 
of  time  until  a  condition  is  reached  wherein  the  ions  continue  to  diffuse  through 
the  film  at  a  constant  rate. 

IV.  ANALYSIS  OF  RESULTS 

A.  A  detailed  analysis  of  the  experimental  results,  tabulated  in  Table  1, 
was  presented  in  the  reference  (f)  report  to  the  Bureau  of  Naval  Weapons.  At 
that  time,  the  experimental  work  had  been  completed  for  five  films.  Based  upon 
these  results,  a  theoretical  discussion  of  the  mechanisms  by  which  ions  diffuse 
through  protective  films  was  presented.  As  mentioned  previously,  the  diffusion 
data  for  %lar,  Aclar  and  cellulose  acetate  have  been  completed  and  included 
in  Table  1.  These  additional  data  do  not  alter  the  concepts  of  these  mechanisms 
but  further  substantiate  them.  These  concepts  are  briefly  summarized  in  this 
report  as  follows: 


6 


1.  From  the  analysis  of  the  data  of  Table  1,  reported  in  paragraph 
III,  A1  and  A2,  it  is  evident  that  the  solution  of  sodium  chloride  is  not 
flowing  through  the  various  films  as  such,  and  that  a  portion  of  the  sodium 
chloride  is  withheld.  Also,  the  sodium  ions  and  the  chloride  ions  are  in 

no  case  diffusing  through  any  of  the  films  in  stoichiometric  proportions. 
Characteristic  of  the  film  used,  either  the  cation  or  the  anion  diffuses  to 
a  greater  extent  than  its  counter  ion.  It  is  known  that  ions  exist  in  solution 
in  a  hydrated  state  and  it  is  generally  accepted  that  the  hydrated  sodium  ion 
is  larger  than  the  hydrated  chloride  ion  (cf.  refs,  (g) ,  (h)  and  (i)).  There¬ 
fore,  since  these  hydrated  ions  are  not  of  the  same  dimensions,  the  above  results 
indicate  that  the  retention  of  an  ion  by  a  membrane  is  not  solely  due  to  pore 
diameter,  since  if  the  mechanism  of  permeation  were  solely  of  a  sieve-like  nature, 
then  in  no  case  would  a  hydrated  ion  of  larger  dimensions  diffuse  at  a  greater 
rate  than  its  counter  ion  with  smaller  dimensions.  An  examination  of  the  results 
in  Table  1  shows  that  the  measured  diffusion  rates  of  the  sodium  ion  are  greater 
than  those  calculated  from  the  measured  diffusion  rates  of  the  chloride  ion  in 
the  case  of  three  films:  neoprene,  epoxy,  and  cellulose  acetate.  Thus,  the 
sodium  ion  is  diffusing  through  these  membranes  at  greater  concentrations  than 
would  occur  if  the  sodium  and  chloride  ions  diffused  in  their  stoichiometric 
ratios  in  sodium  chloride.  Consequently,  it  can  be  deduced  that  another  factor 
besides  the  pore  diameter  and  size  of  the  hydrated  ion  is  involved.  This  factor 
is  the  concept  of  ionic  charges  appearing  upon  the  walls  of  the  pores  of  a  mem¬ 
brane  as  explained  below. 

2.  From  electrochemical  investigations  measuring  the  electromotive 
forces  (concentration  potentials)  arising  in  such  membrane  concentration  cells, 

K.  Sollner,  reference  (j),  offers  theoretical  electrochemical  concepts  to  explain 
the  mechanisms  of  the  diffusion  of  ions.  It  is  believed  that  the  walls  of  pores 
contain  charges  caused  by  the  ionization  of  certain  groups  which  are  part  of  the 
polymer  molecule.  If  these  charges  are  negative,  then  anions  will  be  repelled 

and  cations  will  be  attracted,  the  reverse  taking  place  if  the  charges  are  positive. 
Thus,  a  membrane  may  be  said  to  be  perm-selective  in  that  the  ions  of  the  same 
charge  as  the  membrane  are  presented  by  electrical  repulsion  from  approaching  the 
spots  at  the  pore  walls  where  the  fixed  charges  of  the  same  polarity  are  located. 

It  can  be  visualized  if  the  pores  are  sufficiently  narrow,  such  ions  may  be  entirely 
excluded,  since  this  charge  effect  will  extend  into  the  solution.  On  the  other 
hand,  a  pore  may  have  a  sufficiently  wide  diameter  so  that  the  charge  on  the  wall 
of  the  pore  may  not  have  a  sufficient  repulsive  effect  for  ions  that  are  of  the 
same  charge  to  stop  them,  and  hence,  they  pass  through  in  "mid-stream11 .  Con¬ 
sequently,  a  mixture  of  ions  may  diffuse  through  the  membrane  and  the  ions  of 
opposite  charge  to  that  on  the  walls  of  the  pore  will  permeate  at  a  greater  rate. 

B.  The  theoretical  concepts  that  have  previously  been  presented  from 
electrochemical  studies  include  another  factor  that  may  affect  the  permeation 
of  ions  through  a  membrane.  This  factor  is  the  concentration  of  an  electrolyte 
in  solution.  It  is  thought  that  with  an  increase  in  concentration  of  the  electro¬ 
lyte  solutions,  an  increasing  quantity  of  anions  and  cations  will  enter  the  pores 
and  the  specific  influence  of  the  membrane  may  be  decreased  thereby.  This  con¬ 
cept  is  offered  to  explain  the  apparent  differences  noted  in  concentration  potential 
measurements  where  the  concentration  of  the  electrolyte  in  solution  is  increased. 
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The  effect  of  concentration  of  the  electrolyte  is  being  investigated  at 
the  present  time,  using  the  radiochemical  procedures  described  in  the  previously 
referenced  reports.  It  is  thought  that,  should  the  phenomenon  of  perm-selectivity 
be  observed  as  the  concentration  of  electrolyte  in  solution  is  decreased,  this 
would  be  strong  proof  that  a  factor  in  the  mechanisms  of  the  diffusion  of  ions 
through  a  membrane  is  an  electrochemical  phenomenon  involving  a  charge  on  the  walls 
of  a  pore.  Since  if  the  diffusion  mechanism  were  merely  that  of  pore  diameter, 
size  of  hydrated  ions  and  subsequent  flow  through  pores,  then  the  effect  of  varying 
the  concentration  of  the  electrolyte  would  reflect  as  proportional  changes  in  the 
rate  of  diffusion  of  the  ions. 

1.  The  date  presented  in  Table  3  contain  calculations  based  on  measure¬ 
ments  of  rates  of  diffusion  determined  at  various  concentrations  of  sodium  chloride 
in  solution.  The  rates  of  diffusion  measurements  at  0.014M  sodium  chloride  solu¬ 
tion  for  the  neoprene  film  have  not  been  completed  to  date.  The  ionic  charges 
reported  to  be  present  on  the  walls  of  the  pores  were  deduced  from  the  sodium  ion 
and  chloride  ion  rates  of  diffusion  measurements  as  reported  in  the  Aeronautical 
Materials  Laboratory  report,  reference  (f).  It  was  found  that  there  was  no  stoi¬ 
chiometric  relationship  between  the  measured  rates  of  diffusion  of  the  sodium  ion 
and  the  chloride  ion.  Therefore,  it  was  concluded  that  an  ionic  charge  exists  on 
the  walls  of  the  pores  and  that  the  polarity  of  the  charge  was  determined  by  whether 
the  measured  rate  of  diffusion  of  the  sodium  ion  was  greater  or  less  than  the  theo¬ 
retical  diffusion  rate  calculated  from  the  measured  diffusion  rates  of  the  chloride 
ion. 


An  analysis  of  the  data  of  Table  3  shows  that  for  one  ion  there  is  a  perm¬ 
selectivity  definitely  taking  place  as  the  concentration  of  the  sodium  chloride 
in  solution  is  decreased.  This  is  arrived  at  by  comparing  the  measured  rates  of 
diffusion  of  the  sodium  ion,  at  the  various  salt  concentrations,  as  a  percentage 
of  the  stoichiometric  equivalent  of  the  sodium  ion,  calculated  from  the  measured 
rate  of  diffusion  of  the  chloride  at  the  same  salt  concentration,  as: 

measured  rate  of  diffusion  of  sodium  ion  X  100  = 

stoichiometric  equivalent  of  sodium  ion  calculated 
from  measured  chloride  ion  rate  at  same  salt 
concentration 


a.  The  percentage  as  calculated  above  for  the  nylon  film  decreases 
as  the  concentration  of  the  sodium  chloride  in  solution  is  decreased  from  0.053M 

to  0.014M.  This  indicates  that  there  is  a  decrease  in  the  proportion  of  the  sodium 
ion  to  the  chloride  ion  diffusing  through  the  film  and  that  the  nylon  film  is  exhib¬ 
iting  a  perm-selectivity  for  the  chloride  ion. 

b.  The  percentages  calculated  for  the  cellulose  acetate  film 
(Table  3)  increase  as  the  concentration  of  the  sodium  chloride  in  solution  decreases 
which  indicates  that  a  greater  proportion  of  the  sodium  ion  to  the  chloride  ion  is 
diffusing  through  the  membrane  in  proportion  to  the  chloride  ion  and  that  the  cellu¬ 
lose  acetate  film  is  exhibiting  perm-selectivity  for  the  sodium  ion. 
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c.  There  is  no  perm-selectivity  apparent  as  yet  by  the  neoprene 
film  at  a  concentration  of  0.027M.  The  measurements  at  0.014M  have  not  been 
completed. 


In  this  manner,  strong  experimental  evidence  has  been  obtained 
that  an  ionic  charge  on  the  walls  of  the  pores  in  a  film  is  a  factor  involved 
in  the  mechanism  of  the  diffusion  of  a  salt  through  a  membrane. 

C.  The  graphs  depicted  in  Plates  1  to  4,  in  which  the  quantities  of  ions 
permeating  are  plotted  as  function  of  time,  are  characteristic  of  a  Fickian 
diffusion  process.  The  Fick  equation  (reference  (k)  and  reference  (1)). 

D  =  _  -3 -  (  1 _ J 

Kt  (C  -  C") 


in  the  differential  form  is  not  strictly  applicable  to  these  diffusions,  since 
changes  in  the  concentration  gradient  occur  in  the  course  of  the  diffusion. 
However,  in  this  experimental  work,  the  changes  in  the  concentrations  of  the 
solutions  are  very  minute  so  that  the  concentration  gradient  at  the  film  may  be 
considered  constant,  and  the  above  equation  is  a  close  approximation.  In  this 
equation:  D  =  diffusion  coefficient,  q  =  the  amount  of  material  passing  through 
the  film  in  time  t,  C'  and  C"  are  the  concentrations  of  the  solutions  at  the 
film  and  K  is  equal  to  tyl  in  which  A  is  the  cross  sectional  area  of  the  film  and 
1  is  the  film  thickness. 

1.  The  above  equation  can  be  converted  to  the  simpler  equation  shown 
below,  by  eliminating  (  1  )  since  the  concentration  changes  are  minute  and 

(C'  -  C") 

may  be  considered  constant  and  also  the  negative  sign  may  be  dropped  since  it  is 
used  only  to  signify  a  flow  from  the  chamber  of  greater  concentration  to  that  of 
more  dilute  concentration.  The  equation  then  becomes: 


where  q  =  the  quantity  transferred  in  time  t.  D  =  the  permeability  constant 
(diffusion  coefficient)  (g  hr“l,  sq.  cm-\mil_l) ,  A  is  the  cross  sectional  area  of  the 
film  and  1  =  the  film  thickness.  The  permeability  constant,  D,  may  be  calculated 
from  the  above  equation  by  substituting  the  experimental  values  for  q  and  t,  when 
a  steady  state  of  flow  has  been  reached.  Such  values  have  been  recorded  in  Tables 
1  and  2  as  rates  of  diffusion.  A  more  exact  figure  may  be  obtained  by  calculating 
the  slopes  of  the  graphs  shown  in  Plates  1  to  4.  Since  A  is  a  constant  and  1  can 
be  measured,  D  may  be  calculated  from  the  slope  of  the  curve  at  the  steady  state 
of  flow.  In  this  manner,  the  permeability  constants  for  the  sodium  ion  were  cal¬ 
culated  for  three  films;  the  slopes  were  calculated  the  least  mean  squares  method 


from  the  laboratory  data  of  a  series  of  measurements  and  the  permeability  constants 
or  rates  of  diffusion  hr-l,  sq.  cm“l,  mil”  were  obtained.  The  results  were: 
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q  q 

Plaskon  8200,  6.37  x  10”  g  Na+;  neoprene,  7.42  x  10"^  g  Na+;  and  epoxy  organic 
protective  coating  1.11  x  10”9  g  Na+.  These  values  may  be  compared  to  those 
appearing  in  Table  1. 

D.  The  graphs  shown  in  Plates  5  and  6  depict  the  rates  of  diffusion  for 

the  ions  plotted  as  a  function  of  time.  An  analysis  of  these  curves  indicates 

a  general  trend  to  be  taking  place.  That  is,  that  for  the  films  which  were 
reported  to  have  a  positive  charge  on  the  walls  of  the  pores  (nylon  and  nitro¬ 
cellulose  acrylic  lacquer),  the  rate  of  diffusion  for  the  chloride  ion  increases 
with  an  increase  in  time  until  the  steady  state  of  flow  is  reached  and  vice  versa 
for  the  sodium  ion.  On  the  other  hand,  for  those  films  which  were  reported  to 

carry  a  negative  charge  on  the  walls  of  the  pore  (neoprene  and  epoxy  organic 

protective  coatings),  the  rate  of  diffusion  for  the  sodium  ion  increases  with 
time  (slightly  with  the  epoxy  film)  until  a  steady  state  of  flow  is  reached  and 
vice  versa  for  the  rate  of  diffusion  of  the  chloride  ion.  Therefore,  it  is 
apparent  that  a  phenomenon  is  occurring  which  is  shown  as  the  ascending  or 
descending  segments  of  the  graphs.  This  phenomenon  could  be  the  hydrolysis 
taking  place  at  the  walls  of  the  pores  resulting  in  the  formation  of  the  ionic 
charge  so  that  the  ion  of  the  same  charge  in  solution  are  being  deflected  as  this 
charge  on  the  walls  multiplies.  Likewise,  the  ions  of  opposite  charge  in  the  solution 
are  being  attracted  and  the  diffusion  becomes  more  rapid  as  the  charge  on  the  walls 
builds  up. 

V.  CONCLUSIONS 

It  may  be  concluded  from  the  radiochemical  data  presented  herein  that  ionic 
charges  exist  on  the  walls  of  the  pores  of  a  film  and  that  these  charges  control 
the  flow  through  the  film  of  ions  that  are  in  solution. 
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DIFFUSION  RATE  STUDY,  SODIUM  CHLORIDE  SOLUTION  0.027M 
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EFFECT  OF  CONCENTRATION  OF  SOOIUM  CHLORIDE  ON  PERM-SELECTIVITY 
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PHOTO  NO:  CAN-358470(L)-2-84  PLATE  4 
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